Abstract In order to determine the role of glucagon in cold acclimation, the changes in glucagon receptor were investigated in white adipocytes from cold-acclimated rats by establishing a glucagon radioreceptor assay method for isolated white adipocytes. The following conditions were found to be appropriate for specific glucagon receptor binding assay; cell concentration of about 1 x 105 cells/ml, 15 min preincubation with glucagon and 30 mm-reaction at 25°C in the presence of bacitracin (1 mg/ml). Cold acclimation decreased the size and increased the number of epididymal white adipocytes. Cold acclimation increased the number of glucagon receptors of white adipocytes, resulting in 140% in terms of unit cell, and 260% increase per unit surface area and 210% increase per whole tissue. However, the affinity of the binding site for glucagon was not affected. The results suggested that an enhanced metabolic response of cold-acclimated rats to glucagon could be partly explained by the increased number of glucagon receptor in white adipocytes.
1982). Furthermore, metabolic activity of white adipocytes as assessed by in vitro thermogenic response to glucagon is found to be potentiated in the cold-acclimated rats (KUROSHIMA et al., 1979) . Cold-acclimated rats exhibited greater increment in blood FFA level after glucagon injection, suggesting an enhanced sensitivity to lipolytic action of this hormone (KUROsHIMA et a!., 1975) . Since glucagon exerts its action through the cell membrane receptor, the changes in metabolic responses to glucagon may be, at least in part, explained by the changes in the number and/or affinity of glucagon receptor of the tissues involved in NST. The present study was undertaken to examine the effect of cold acclimation on glucagon receptor, especially in white adipocytes of rats, in order to elucidate the mechanism of potentiated responsiveness to glucagon in cold acclimation.
MATERIALS AND METHODS
Animals. Male rats of Wistar strain, 7 to 8 weeks old and weighing 150-170 g, were used in the present study. The rats were housed at 25 + 1 °C (warm controls, WC) or 5 + 1°C (cold-acclimated rats, CA) for 4 to 5 weeks under artificial lighting from 7:00 to 19:00 and provided ad libitum diet (Oriental MF, Oriental Yeast Co., Ltd., Tokyo) and tap water. The validity of the experimental conditions for glucagon receptor assay was examined in WAT from WC.
Preparation of isolated white adipocytes. Isolated adipocytes were prepared by the modified method of RODBELL (1964) . The rats were killed by cervical exsanguination after cervical dislocation. The whole portion of epididymal adipose tissue was excised, minced with scissors and placed in a 50 ml plastic bottle with 5 ml Krebs-Ringer phosphate buffer (pH 7.4), containing 113 mM NaCI, 4.8 mM KCI, 1.2 mM MgSO4, 1.3 mM CaCl2, 15.6 mM Na2HPO4, 5 mM glucose, 4° bovine albumin (Armour Co., Fraction V, dialyzed for 48 h through 0.5 µm cellulose membrane against phosphate buffer), 5 mg collagenase (Sigma Chemical Co., St. Louis), and 0.5 mg trypsin inhibitor (Sigma Chemical Co.). Trypsin inhibitor was used to protect the receptor protein from degradation due to possible contamination of trypsin activity in the collagenase preparation used. The tissue suspension was incubated in a shaking water bath at 150 strokes/min at 37°C for 60 min. The digest was filtered through one layer of silkcloth and centrifuged at 400 g for 1 min. The cells were washed 3 times with the albumin buffer kept at 37°C and suspended in an appropriate volume of albumin buffer.
The number of isolated cells was measured on Barker-Turk hemocytometer. The size of the cells was obtained by measuring 100 diameters of enlarged cell pictures on Fuchs-Rosenthal hemocytometer.
Guucagon-binding assay. 125I-glucagon (3-125I-iodotyrosil10-glucagon, specific activity-2,000 Ci/mmol, Amersham International plc Co.) was used for the present radioreceptor assay.
The cell suspension (0.4 ml) was incubated with 125I-glucagon (0.1 ml), bacitracin (0.1 ml, Sigma Chemical Co.), and non-labelled glucagon (0.1 ml, porcine glucagon, NOVO, Bagsvaerd) or phosphate buffer (0.1 ml) in a total volume of 0.7 ml at constant temperature for a constant period at 120 strokes/min. Reaction was terminated by adding 3 ml of ice-cold phosphate buffer to the incubation mixture and the suspension was rapidly filtered through a Whatman GFC glass filter by vacuum aspiration. The filter was then washed with 15 ml of ice-cold phosphate buffer, of which radioactivity (bound glucagon) was counted in a Packard y-scintillation counter. In each experiment, total and nonspecific binding of glucagon to white adipocytes were determined by measuring the amount of radioactivity retained on the filter in the absence or in the presence of 1 x 10-6 M non-labelled glucagon, respectively. Specific binding was determined by subtracting the nonspecific binding from the total binding (CUATRECASAS, 1971) .
The Kd;SS (dissociation constant) of the high affinity site was obtained from the slope of the least squares straight line drawn to fit the data of the Scatchard's plot obtained at glucagon concentrations less than 3 fmol/105 cells. The contribution of this line was then subtracted from the points obtained at higher glucagon concentrations and a second least squares straight line was drawn to fit the resultant points. The KdjSS of the low affinity site was obtained from the slope of this latter line. The number of receptor sites was calculated from the intercepts Ro of these two lines on the horizontal axis and Avogadro constant (6.023 x 1023).
The binding assay was carried out in triplicate and the averaged value was used for calculation. Since bacitracin, a peptide antibiotic, is known to be a potent inhibitor of glucagon degradation (DESBUQUOIS et al., 1974) , it was used to inhibit glucagon inactivation during receptor assay at 1 mg/ml in the reaction tube.
Measurement of bound 1251-glucagon dissociation. At equilibrium of 1251 glucagon binding, 1 x 10-6 M nonlabelled glucagon was added and the changes in bound 125I-glucagon were determined at constant intervals.
Measurement of bound 1251 glucagon displacement. In order to determine the specificity of glucagon binding to the receptors, the effects of various concentrations of nonlabelled glucagon were examined on the bound 125I-glucagon. Furthermore, the effects of nonlabelled insulin (Sigma Chemical Co.) were tested as well.
Statistics. The significance of the results was tested by Student's t-test.
RESULTS
The effects of cell concentrations on 1251 glucagon binding Figure 1 shows the relation of concentrations of isolated white adipocytes to the specific binding of 125I-glucagon. The linear relationship was obtained up to the concentration of 2 x 105 cells/ml, but it was lost to show the plateau in concentrations over 3 x 105 cells/ml. This was possibly due to an insufficient shaking of cells in the reaction tube and a degradation of glucagon by the isolated cells. Subsequently, about 1 x 105 cells/ml were used for the present binding assays. thereafter at 37°C. The maximum binding was 1.06 fmol/105 cells. At 25°C the binding reached the plateau in 30 min, which was maintained further for at least 30 min. The maximum binding was 1.48 fmol/105 cells, being about 1.4 times greater than that at 37°C. The binding reaction at 4°C was very slow and the binding itself was much smaller as compared with those at 37 and 25°C. Accordingly, 25°C was adopted as an incubation temperature, since it gave the higher binding and longer equilibrium in binding.
The effect of preincubation on 1251-glucagon binding It was reported that preincubation with unlabelled glucagon improved 125I_ glucagon binding to the liver cell membrane preparation (POHL and CHASE, 1972; FREYCHET, 1976) . Subsequently, the effect of preincubation on 125I-glucagon binding to white adipocytes was examined. It was indicated that the preincubation of white adipocytes with unlabelled glucagon at 25°C for 15 min could yield about 2.3-fold increase in the specific 125I-glucagon binding (Fig. 3) . Thirty min or 60 min preincubation was less effective in increasing the specific 125I-glucagon binding (data not shown), possibly being due to the degradation of receptors themselves induced by longer incubation as seen in insulin receptors (OLEFSKY et al., 1974) .
The effect of bacitracin as an inhibitor of glucagon inactivation
It has been pointed out that inhibition of rapid inactivation of 125I-glucagon Vol. 36, No. 5, 1986 during incubation could improve the glucagon receptor assay (DESBUQuols et al., 1974) , and bacitracin was reported to be most effective for this purpose in the liver cell membrane preparations. Addition of bacitracin in a dose of 1 mg/ml to the incubation medium caused 2 to 3-fold increase in the specific 1251-glucagon binding to the isolated white adipocytes as shown in Fig. 4 . From these findings the following conditions were considered most appropriate for the glucagon receptor assay with white adipocytes; cell concentration of about 1 x 1 OS cells/ml, 15 min preincubation with native glucagon (1 x 10-6 M) and 30 minreaction time at 25°C in the presence of bacitracin (1 mg/ml).
Dissociation of bound 1251 glucagon
At equilibrium 30 min after incubation, the addition of unlabelled glucagon (1 x 10-6 M) caused rapid dissociation of bound '251-glucagon (Fig. 5) , reaching 73% dissociation in 30 min. Figure 6 shows the effect of various concentrations of glucagon and insulin on the '251-glucagon binding to the white adipocytes. Inhibition of specific 125I-glucagon binding began to occur at very low concentration of glucagon (7% at 1 x 10_b 0 M) and half maximal inhibition was obtained at 3.3 x 10 -9 M. On the other hand, insulin did not displace the bound 125I-glucagon even in high concentrations. The results indicate a specificity of 125I-glucagon binding observed in the present study.
Kinetic analysis of glucagon receptors Figure 7 shows the binding of '251-glucagon in various concentrations to the white adipocytes, indicating that the specific binding was a saturable one. Scatchard Japanese Journal of Physiology plots for specific binding obtained from Fig. 7 displayed a departure from linearity with an upward concavity as shown in Fig. 8 . The result is essentially the same as that by OLEFSKY et al. (1974) in the insulin binding to the adipocytes, suggesting the existence of multiple orders of insulin binding sites with different affinities to the adipocyte membrane. In light of this consideration, the equilibrium dissociation constant and maximum binding capacity were calculated separately to the high and low affinity binding sites (Table 1) .
Effect of cold acclimation on glucagon receptor of white adipocyte Table 2 shows the changes in the size and number of adipocytes of epididymal white adipose tissue. Cold acclimation decreased the tissue weight as well as cell size and increased the number of adipocytes.
Specific '25I-glucagon binding to white adipocytes from cold-acclimated rats was significantly greater (p <0.01) than that from warm controls at all concentrations, except the least one, of '25I-glucagon used (Fig. 7) . From Scatchard Japanese Journal of Physiology plots for these data (Fig. 8) , the affinity and the number of binding sites were calculated. As indicated in Table 1 , cold acclimation did not affect the affinity of the binding sites, while it did increase the number of binding sites in both high affinity and low affinity sites of glucagon receptors. Considering the cold-induced decrease Vol. 36, No. 5, 1986 in the size of white adipocyte by 26% and increase in the number of adipocytes by 51% (Table 1) , the increase in the number of high affinity binding sites per unit surface area would come to be 2.6-fold and the total number of high affinity binding sites per tissue to be 2.1-fold. This was also the case for the low affinity binding sites. Each value would be 2.8-fold and 2.3-fold respectively.
DISCUSSION
Glucagon receptor assay of white adipocytes. Adipose tissue, in addition to liver, is a significant target for glucagon (LINGER and ORCI, 1976) . Nevertheless, fewer studies have been done on glucagon receptor of adipocytes than on liver (SONNE and GLIEMANN, 1977) . Therefore, the present study tried to establish the method for assay of glucagon receptor on white adipocytes. Membrane preparations are favorably used for hormonal receptor assays, inasmuch as nonspecific binding is proved to be less for the membrane preparations than the isolated cells (SONNE and GLIEMANN, 1977) . However, we especially considered the use of isolated fat cells for the glucagon receptor assay, for the present study aimed to study the effect of cold acclimation at the cellular level. The factors influencing the assay such as the cell concentration, preincubation, incubation temperature, and degradation of the labelled hormone during incubation were successfully examined to find an appropriate condition for the assay in the present study. It was reported that a rather large amount of membrane fraction was effective for obtaining better sensitivity and precision in the case of glucagon receptor assay using membrane preparation (PoHL and CHASE, 1972; HoLST, 1975) . However, rather low concentrations of isolated cell were found to give linear relationship to the binding of glucagon to the cells. The cell concentrations over 3 x 105 cells/ml were found to affect the linear relationship of the binding. Too many cells may result in insufficient mixing and more degradation of labelled glucagon (DESBUQUOIS and LAUDAT, 1974) . Subsequently, a rather small number of cells (1 x 1 o5 cells/ml) was used in the present study. The higher incubation temperature effected the more rapid binding, but the shorter equilibrium and the lower maximal binding as previously reported in the liver membrane preparation (HoLST, 1975) . It was recently suggested that high incubation temperature causes an internalization of hormone-receptor complex (GORDEN et al., 1980) and low incubation temperature prevents this phenomenon. Thus, the result from the high incubation temperature here may reflect the occurrence of glucagon-receptor internalization. In the case of membrane preparation the overnight incubation at 4°C was recommended for glucagon receptor assay (HoLST, 1975) . However, this temperature would not appear feasible for fat cell preparation, possibly because of impairing the glucagon binding due to solidification of intracellular fat. In fact, the glucagon binding was slower and smaller at 4°C than at higher temperatures (Fig. 2) . The incubation at 25°C was satisfactorily adopted in the present study. LIVINGSTON et al. (1974) (1977) used 37°C. As shown in Fig. 3 , the preincubation under the presence of native glucagon was found to increase the specific glucagon binding in the following assay. This finding confirmed the results obtained in the glucagon binding with the liver membrane preparation (PoHL and CHASE, 1972; HoLST, 1975; FREYCHET, 1976) . Further improvement in the specific glucagon binding to the isolated cells was effected by addition of bacitracin to the incubation medium (Fig. 4) . The effect of bacitracin is possibly due to inhibition of glucagon degradation in the reaction tube. Glucagon is ready to be degraded by the enzymes such as protease and peptidase in the assay preparation, and bacitracin most efficiently suppresses the activities of these enzymes (DESBUQUOIS et al., 1974) .
In the present study, it was demonstrated that the labelled glucagon binding to the fat cells was rapid, reversible and saturable, and specific to glucagon (Figs. 5-7). It was also noted that the specific glucagon binding was detected at 2.4 x 10 -11 M which corresponds to the physiologically basal level of plasma glucagon (UNDER and ORCI,1976) . Therefore, it can be concluded that the present study identifies the glucagon receptor on white adipocytes and provides a feasible analysis of glucagon receptor under various experimental conditions. Effect of cold acclimation. Plasma glucagon level has been reported to increase by about 100 to 1,000pg/ml (about 3 x 10-11 to 3 x 10-10 M) during cold exposure and cold acclimation (KUROSHIMA and Doi,1976; KUROSHIMA et al., 1978 KUROSHIMA et al., , 1981 SEITZ et al., 1981) . Glucagon binding in the present assay was 0.5 to 2 x i0' -5 mol/105 cells for these levels of glucagon (Fig. 7) . Therefore, it seems to be reasonable to adopt the first linear portion of the Scatchard plots (0.5 to 2 fmol) which may be attributable to the high affinity site for glucagon binding in the coldacclimated cells. As shown in Table 1 , it was found that cold acclimation caused 1.4-fold increase in the binding sites per cell, but no significant changes in the affinity constants. The binding sites per cell surface area in the cold-acclimated white adipocytes can be calculated to be increased 2.6 times that in the controls as estimated from the changes in the size of isolated cells (Table 2 ). The observed increase in glucagon receptor density as well as total number in white adipocytes from cold-acclimated rats in the present study may be partly responsible for the enhanced thermogenic responses to glucagon in the cold-acclimated white adipocytes (KUROSHIMA et al., 1979) and also for the overall enhanced lipolysis (KUROSHIMA et al., 1975) , or thermogenesis (Doi and KUROSHIMA,1982) to glucagon in the cold-acclimated animals. The increase in glucagon receptors contrasts with the reduced adrenergic fl-receptors previously reported in the cold acclimated white adipocytes (KURAHASHI and KUROSHIMA, 1981a) and brown adipocytes as well (KURAHASHI and KUROSHIMA, 1981b) . The reduced fl-receptor would result from down regulation by an increased secretion of noradrenaline released from the peripheral sympathetic nerve terminals (JANSKY, 1973) and secure an appropriate availability of noradrenaline copiously secreted to prevent the havoc in the tissues.
The thyroid state was reported to affect the number of glucagon receptor in fat cells; thyroid hormone treatment was associated with an increased binding to white adipocytes as well as increased glucagon-stimulated cyclic AMP production and lipolysis (MADSEN and SONNE, 1976) . Since plasma thyroid hormone (triiodothyronine) has been shown to increase in the cold-acclimated rats (HARDEVELDE et al., 1979) , the increased number of glucagon receptors induced by cold acclimation may result from an enhanced thyroidal activity. Adrenalectomy was found to decrease the glucagon receptors of white adipocytes by 60% (CALLS et a!., 1982) . Thus, it is likely that the adaptive changes in the glucagon receptors are mediated by multihumoral factors. Further studies are required to elucidate the mechanism involved in the changes of glucagon receptor induced by cold acclimation. Furthermore, the changes in the glucagon receptor of the site for NST, BAT, would be expected in the cold-acclimated animals, since the thermogenic response of this tissue to glucagon is apparently potentiated by cold acclimation (Doi and KUROSHIMA, 1982) . 
